Introduction
The neural crest is a transient population of cells that arises during vertebrate neurulation. The neural crest cells first become identifiable as they make an epithelial to mesenchymal transformation and delaminate from the neuroepithelium of the dorsal neural tube. They migrate to diverse, and in some cases distant, peripheral tissues, where they differentiate into a wide variety of cell types (Anderson, 1997; Sauka-Spengler and Bronner-Fraser, 2006 ). The resulting cell types exhibit remarkable diversity along the rostrocaudal neuraxis. For example, neural crest cells emanating from cranial regions produce sensory neurons, melanocytes, cartilage and bone, while trunk region neural crest cells produce sensory and autonomic neurons, melanocytes, and smooth muscle cells. A sub-population of the neural crest, the cardiac neural crest (CNC), is essential for septation of the primitive outflow tract of the heart into the aortic and pulmonary tracts. CNC also promote the formation of the smooth muscle component of the tunica media, the 'middle layer', of the aortic arch and its major branches. Kirby et al. showed, using quail-chick chimeras and diI-labeling techniques, that the CNC cells arise between mid-otic placode and the third somite (Kirby, 1987; Kirby et al., 1983) . In the mouse, emigration of CNC from the neural tube initiates at the 7 somite stage, migrating around and between somites, through pharyngeal arches 3, 4, and 6, ultimately reaching their destination of the outflow tract by the 32 somite stage on E 9.5 (Chan et al., 2004) . By E 12.5, the outflow tracts are septated, and neural crest can be identified within the aorticopulmonary septum and conotruncal cushions (Jiang et al., 2000) . CNC can still be observed in the condensed mesenchyme of the outflow tract conus and the divided truncus on E 14.5 (Snider et al., 2007) . If CNC cells are ablated during migration, neural crest derivatives in the developing cardiovascular system fail to arise, which results in defects of the cardiac outflow tract and the aortic arch arteries (Besson et al., 1986; Bockman et al., 1987; Nishibatake et al., 1987) . Similar defects, such as aortic interruption, double outlet right ventricle, and persistent truncus arteriosus can occur in several human disorders, including Waardenburg syndrome, DiGeorge syndrome, and Hirchsprung disease, which affect various neural crest lineages (Creazzo et al., 1998) . However, the molecular regulation of cardiac neural crest migration is not well understood.
Pax3 is one of nine members of the Pax transcription factor family, which are characterized by the paired box DNA-binding domain. The Pax proteins are classified into four subgroups according to the presence or absence of a partial or a complete homeodomain, and the presence or absence of a conserved octapeptide sequence (Robson et al., 2006) . The Pax proteins are crucial regulators of development of many different organs and tissues, including the neural tube, neural crest derivatives, the eye, the kidney, lymphocytes, and a and b cells of the pancreas (Robson et al., 2006) . The mutant mouse strain, Splotch, carries a loss-of-function Pax3 allele (Chalepakis et al., 1994; Epstein et al., 1991 Epstein et al., , 1993 Vogan et al., 1993) . Pax3
Sp/+ mice develop normally, although they are distinguishable from wild type littermates by white splotches of fur on the belly due to the absence of some neural crest-derived melanocytes (Auerbach, 1954) . However, Pax3 Sp/Sp embryos develop open neural tube and cardiac outflow tract defects and lack limb musculature with 100% penetrance (Auerbach, 1954; Bober et al., 1994) . The cardiac outflow tract defects of Pax3 Sp/Sp embryos resemble those caused by neural crest ablation (Kirby et al., 1983) , and embryos die around E 14.5 (Franz, 1989) . The human PAX3 gene is responsible for type 1 Waardenburg syndrome, an autosomal dominant disorder, which is characterized by maldevelopment of certain neural crest derivatives, leading to deafness, white forelock, and displacement of the inner canthi of the eye. Some children with Waardenburg syndrome also display cardiac defects (Banerjee, 1986; Mathieu et al., 1990) . Unlike the Splotch mutation of murine Pax3 that is null, the point mutations associated with human Waardenburg syndrome occur in the DNA binding domains, resulting in reduced or misdirected DNA binding (Lalwani et al., 1995) . While it is clear that Pax3 is required for CNC development and formation of the aorticopulmonary septum, it is not clear how it regulates these processes. Some studies have found that the onset of neural crest migration from the neural tube is delayed and that the numbers of migrating cells are reduced in Pax3-deficient embryos (Chan et al., 2004; Moase and Trasler, 1990) . However, when cultured in vitro or grafted onto chick neural folds, Pax3-deficient CNC migration appears normal (Conway et al., 2000) . Other studies indicate that the initial emigration is normal, but that CNC cells along the path leading to the cardiac field are reduced in number or absent (Conway et al., 1997b; Epstein et al., 2000) . The reduction in numbers of migrating CNC cells has not been found to be associated with either decreased proliferation or increased cell death of migrating CNC, but may be due to decreased expansion of neural crest progenitors prior to emigration from the neural tube (Conway et al., 2000) .
Pax3 is a DNA-binding transcription factor, and there is evidence that Pax3 regulates genes involved in differentiation or migration, for example, Myf-5, MyoD, myelin basic protein, c-Met, (Epstein et al., 1996; Kioussi et al., 1995; Maroto et al., 1997; Tajbakhsh et al., 1997) . We identified two novel genes that are regulated by Pax3, cdc46, which participates in licensing DNA for replication, and Dep-1, the function of which is unknown (Cai et al., 1998; Hill et al., 1998) . However, it is not known whether regulation of these genes by Pax3 is direct or indirect. Msx2 has also been reported to be regulated by Pax3, and gel shift analysis of a portion of the Msx2 transcription control element with in vitro-expressed Pax3 suggest that this effect is direct (Kwang et al., 2002) . Nevertheless, comparison with the putative Pax3 binding site in the Msx2 promoter with optimal Pax3 binding sites that were identified using random oligonucleotides indicates that binding of Pax3 to that site would be low affinity .
We have previously shown that both the increased apoptosis and neural tube closure defects in Pax3
Sp/Sp embryos are due to p53-dependent apoptosis (Pani et al., 2002) . Steady state levels of p53 protein, but not mRNA, are increased in Pax3 Sp/Sp embryos compared to w.t. embryos (Pani et al., 2002) , suggesting that Pax3 is not required for neuroepithelial migration and neural tube closure, but it is required to inhibit p53 synthesis or stability in order to prevent apoptosis of neuroepithelium in the rostral and caudal neuropores. CNC derive from neuroepithelium, and so, Pax3 might also be required to inhibit p53-dependent processes in CNC. On the other hand, because the CNC arise from a portion of the neural tube that is not prone to defects in Pax3-deficient embryos, there might be different mechanisms by which Pax3 is involved in CNC development. Here we tested whether Pax3-dependent CNC migration and outflow tract septation depend upon inhibition of p53-dependent processes. Notably, p53 is not required for normal heart or cardiac outflow tract development (Donehower et al., 1992; Jacks et al., 1994) . This permits testing of the role of p53 in mediating CNC and outflow tract defects in Pax3-deficient embryos.
2. The path of CNC cell migration in 14-35 somite stage Pax3-LacZ/+ embryos is shown in Fig. 1A . b-Galactosidase-positive cells could first be seen migrating beyond the somites at approximately the 14 somite stage. The population subsequently divided at the 16 somite stage to give rise to two migrating cell populations. By the 35 somite stage, b-galactosidase-positive CNC cells could no longer be detected, although, b-galactosidase activity could still be detected in the hypoglossal extension, which will give rise to tongue musculature (Fig. 1A viii) .
To determine whether CNC migration in haploinsufficient Pax3
LacZ/+ embryos was characteristic of CNC in embryos with two functional Pax3 alleles, CNC in Pax3 GFP/+ embryos was examined. As shown in Fig. 1B (Fig. 1D ). This suggests that the depletion of b-galactosidase-positive CNC cells in Pax3 LacZ/LacZ embryos with time was due to progressive apoptosis while they migrated between the otic pit and the somites. The embryos shown in Fig. 1D were obtained at 26, 27 somite stage, however, embryos obtained at earlier stages also showed that there was an inverse relationship between TUNEL-positive and b-galactosidase-positive staining (data not shown).
Inhibition of p53 rescues defective CNC migration in Pax3-deficient embryos
To determine whether CNC cell apoptosis and defective migration in Pax3
LacZ/LacZ embryos was p53-mediated, Pax3-LacZ/+ mice were crossed with mice carrying a germ line p53 null mutation (Jacks et al., 1994) , and then double heterozygous progeny were crossed. As with the embryos shown in Fig. 1C , CNC cell migration was defective in embryos that were Pax3-deficient but which carried two wild type p53 alleles (Pax3 LacZ/LacZ p53 +/+ ) ( Fig. 2A) . Similarly, there was increased apoptosis at the site of the CNC path between the otic pit and upper somites ( Quantitation of the number of embryos with normal or defective CNC migration is shown in Table 1 .
As an alternative approach to inhibit p53, the effect of pifithrin-a (PFT-a), a specific inhibitor of p53 nuclear and mitochondrial localization (Endo et al., 2006; Komarov et al., 1999; Murphy et al., 2004) , was examined. PFT-a was administered at noon on E 8.5 and E 9.5 as previously described (Pani et al., 2002 ) using a concentration which we found to be the highest effective dose that would rescue neural tube defects without having toxic effects on the mother or the embryo. As shown in Fig. 2E and F, CNC migration was abnormal in Pax3
LacZ/LacZ embryos treated only with vehicle (PBS), and this was associated with increased apoptosis. However, PFT-a rescued CNC migration in Pax3 LacZ/LacZ embryos ( Fig. 2G ), and apoptosis was reduced nearly to the level of wild type in embryos ( Fig. 2H ). Like p53 haploinsufficiency, the expressivity of rescue by PFT-a was variable; CNC migration was completely rescued in some Pax3 LacZ/LacZ embryos, not rescued at all in others, and partially rescued in others. Pax3-sufficient (Pax3-
) embryos were unaffected by PFT-a. Quantitation of the number of embryos with normal or defective CNC migration is shown in Table 2 .
The half-life of active PFT-a is 4.2 h, as it spontaneously converts to a planar tricyclic derivative, which is very hydrophobic and exhibits poor solubility, under physiological conditions (Gary and Jensen, 2005) .
To investigate approximately when p53-dependent transcription must be ) embryos. DIC images were overlaid on confocal images in insets. Both embryos were recovered at 26-27 somites. There are significantly more TUNEL-positive cells detected in Pax3
LacZ/LacZ embryos than in Pax3 LacZ/+ embryos (132.0 ± 23.3 vs. 25.0 ± 2.9, P = 0.01).
inhibited in order to rescue CNC migration, PFT-a was administered at various times before the onset of Pax3 expression and until noon on E 9.5. In addition, since the half-life of PFT-a is only 4.2 h, administering PFT-a only at noon on days 8.5 and 9.5 would not span the entire time period that p53 must be inhibited. Therefore, testing different times of PFTa administration might improve the rescue CNC migration in Pax3-deficient embryos. As shown in Table 3 , rescue of CNC migration in embryos in which PFT-a was administered at noon on both E 8.5 and 9.5 was similar to that in embryos in which PFT-a had been administered only at noon on E 8.5, and there was no effect of PFT-a administered at noon on E 9.5, suggesting that p53 must be inhibited during E 8.5. Administration of PFT-a at 8:00 AM and noon on E 8.5 (to inhibit p53 between approximately 8:00 AM-4:00 PM), or at noon and 4:00 PM (to inhibit p53 between approximately noon to 8:00 PM), or at noon, 4:00 PM, and 8:00 PM (to inhibit p53 between approximately noon to midnight), did not improve the rescue of CNC migration compared to administration of PFT-a at noon alone. Finally, administration of PFT-a at 6:00 PM rescued CNC migration in 20% of embryos, and was not significantly different from no PFT-a treatment at all. These results suggest that inhibition of p53-dependent activity by Pax3 must occur predominantly within approximately the first 4 h after the onset of Pax3 expression in order for CNC migration to proceed normally, even though the loss of cells is not apparent until about 24 h later. That it was not possible to completely rescue CNC migration in more than , there was a significant effect of Pax3 genotype (P < 0.0001). In Pax3
LacZ/LacZ embryos there was a significant effect of p53 genotype (P < 0.0001). LacZ/+ males were injected with pifithrin-a (PFT-a) (n = 13 pregnancies) or PBS (n = 11 pregnancies) at noon on E 8.5 and E 9.5. Embryos were obtained on E 9.5 (somite 23-28) and scored for CNC cell migration defects. Of the 12 Pax3 LacZ/LacZ PFT-a-treated embryos that were scored as defective, 6 were partially rescued, and 6 were severely defective, but for statistical analysis, incompletely rescued and severely defective embryos were pooled. There was a significant difference between PBS-and PFT-a-treated Pax3 LacZ/LacZ embryos (P < 0.02).
55% of the PFT-a-treated embryos probably indicates that, at the highest nontoxic dose of PFT-a, it is not possible to achieve a high enough concentration of PFT-a in all CNC cells to completely suppress apoptosis. There is probably a minimum concentration of active p53 (i.e. localized at a cellular site) resulting in apoptosis in Pax3-deficient CNC cells and, like p53 haploinsufficiency, the reduction in ''active'' p53 by PFT-a in some cases is below that threshold, and in other cases, does not reach that threshold.
2.3.
Inhibition of p53 rescues cardiac outflow flow tract septation in Pax3-deficient embryos LacZ/+ crosses treated with PFT-a, were sectioned horizontally and examined for the presence or absence of separate pulmonary and aortic tracts. As shown in Fig. 3A , a separated aorta and pulmonary tract could be identified in a control Pax3
LacZ/+ p53 +/+ fetus. In contrast, the outflow tract had failed to separate and there was no discernable muscular wall where the aorta should be in the Pax3-deficient, p53-sufficient Pax3
LacZ/ LacZ p53 +/+ fetus (Fig. 3B ). However, a separate aorta and pulmonary artery formed in the hearts of Pax3-deficient fetuses that were also p53-deficient (Pax3 LacZ/LacZ p53 À/À ), or whose mothers had been treated with PFT-a ( Fig. 3C and D) .
To test if p53 loss of function rescued outflow tract septation and fetal survival, fetuses from Pax3
LacZ/+ p53 +/À crosses, or from Pax3 LacZ/+ crosses treated with PFT-a, were recovered on E 18.5, the day before normal term delivery, and hearts and outflow tracts were examined externally. As expected, all Pax3 LacZ/+ fetuses exhibited normal outflow tract morphology, regardless of p53 genotype (Table 5) . A few Pax3
LacZ/LacZ p53 +/+ fetuses were recovered, but they had already died; all displayed a single, malformed outflow tract. However, p53 deficiency rescued outflow tract septation in all Pax3
LacZ/LacZ p53 À/À and Pax3 LacZ/LacZ p53 +/À fetuses that were recovered.
Similarly, the Pax3 LacZ/LacZ fetuses from PBS-treated pregnancies all displayed outflow tract defects, and had already died, (Table 6 ). Anatomical evidence for outflow tract septation in Pax3-LacZ/LacZ fetuses in which p53-dependent apoptosis had been blocked was obtained from hearts of E 18.5 fetuses that were injected with a blue acrylic dye into the right ventricle, and with a red acrylic dye into the left ventricle. If outflow tracts were separate, pulmonary arteries would fill with blue dye, and aortas would fill with red dye, whereas, if the outflow tracts were not completely separated, mixed purple dye would fill the vessel(s). As shown in Fig. 4A , the left pulmonary artery of a control Pax3
LacZ/+ p53 +/+ fetus is filled with blue dye, and is clearly separated from the aorta, which is filled with red dye. Few Pax3 LacZ/LacZ p53 +/+ fetuses were obtained, and the ventricles could not be injected, as the hearts were rigid and not beating, however, upon examination, separate outflow tracts could not be detected (Fig. 4B) . In contrast, circulation through the left pulmonary artery and aorta of a Pax3 LacZ/LacZ p53 À/À fetus and a Pax3 LacZ/LacZ fetus from a PFTa-treated pregnancy was completely separated (Fig. 4C and  D) , indicating that inactivating p53 rescued outflow tract septation in Pax3-deficient fetuses.
Discussion
The results of these experiments suggest that the reduction in migrating CNC cells in Pax3-deficient embryos is due apoptosis which is evident by TUNEL reaction approximately 24 h after the onset of Pax3 expression. Loss-of-function germline mutation of p53, or administration of an inhibitor of p53 nuclear and mitochondrial translocation, blocked apoptosis, rescued CNC migration, and rescued cardiac outflow tract septation in Pax3-deficient embryos. These results indicate that, in CNC cells, Pax3 is not required to regulate expression of genes which control migration and cardiac outflow tract septation, but it is required to inhibit p53-dependent processes leading to apoptosis and consequent defective outflow tract development. While a simple explanation for a p53-dependent process leading to apoptosis would be transcriptional regulation of pro-apoptotic genes, p53 controls other processes, such as cell cycle arrest, migration, or angiogenesis, as well (Dameron et al., 1994; Kamijo et al., 1998; Linke et al., 1996; Roger et al., 2006 ). Thus, it is possible that, in the absence of Pax3, one or more of these p53-depen- , there was a significant effect of Pax3 genotype (P < 0.0001). In Pax3
LacZ/LacZ fetuses, there was a significant effect of p53 genotype (P < 0.02). Fetuses from Pax3 LacZ/+ matings injected with PBS (n = 8 pregnancies) or PFT-a (n = 10 pregnancies) at noon on days E 8.5-E 13.5 and were examined for cardiac outflow tract defects on E 18.5. There was a significant difference between PBS-and PFT-a-treated Pax3-LacZ/LacZ fetuses (P < 0.02). dent processes is activated in CNC, which directly or indirectly results in apoptosis. The mechanism by which Pax3 inhibits p53 is not well understood. We have previously shown that Pax3 has no effect on p53 mRNA levels, but that steady state p53 protein levels are increased in Pax3
Sp/Sp embryos compared to w.t. embryos (Pani et al., 2002) , suggesting that Pax3 inhibits p53 protein synthesis or stability. Similar observations have been made in mouse embryonic stem cells, in which Pax3 expression has been induced either by transfection of a Pax3 expression vector or differentiation of the embryonic stem cells to neuronal precursors (Morgan and Loeken, unpublished results). Further investigation is necessary in order to further understand how Pax3 regulates p53 protein on a molecular level.
Although it was not the focus of this study, we noted that Pax3 did not appear to regulate apoptosis in somitic mesoderm and derivatives. While somites were poorly formed in Pax3
LacZLacZ embryos, and the hypoglossal cord was absent (compare Fig. 1A viii and Fig. 1C viii) , there were no TUNEL-positive cells at the locations of these tissues, and blocking p53 did not rescue these structures. Moreover, limb musculature failed to develop in E 18.5 Pax3 LacZ/LacZ p53 À/À fetuses, and they
were not viable, presumably due to failure of the diaphragm to develop. This indicates that Pax3 is required for developmental processes in somitic derivatives that are different from the role that it plays during development of neuroepithelial and neural crest derivatives. Migrating CNC appeared beyond the somites at the same stage of development in Pax3
LacZ/+ and Pax3 LacZ/LacZ embryos, suggesting that the timing of initiation of CNC migration and the migratory speed do not seem to be impaired by Pax3 deficiency. Because inactivation of p53 completely rescued CNC migration, this suggests that Pax3 is not required to initiate or to pace CNC migration. Moreover, because TUN-EL-positive cells were observed beyond the somites, located where CNC are found at the same stage of development in Pax3 LacZ/+ embryos, this suggests that the CNC cells did migrate on time, but that their numbers are decreased because of attrition resulting from apoptosis. It was not possible to verify that the TUNEL-positive cells detectable on E 9.5 were CNC cells, because dead cells would not express cell-specific markers, but since the pattern, location, and numbers of TUNEL-positive cells were comparable to the pattern, location, and number of b-galactosidase-positive cells in Pax3-sufficient embryos, and b-galactosidase was present when p53-dependent apoptosis was inhibited, this strongly suggests that the TUNEL-positive cells were CNC cells. Conway et al. (2000) did not observe increased TUNEL-positive CNC cells in homozygous Splotch 2H (Pax3
) embryos on E 9.5. This may be due to differences between the Splotch 2H and Splotch mutations that may differentially affect severity. Indeed, the effect of the Splotch 2H mutation on outflow tract defects is only 60-85% penetrant (Conway et al., 2000 (Conway et al., , 1997a , whereas the Splotch defect is 100% penetrant (Auerbach, 1954) . Alternatively, the fluorescent TUNEL assay used here may be more sensitive than the assay employed by Conway et al. They concluded that there was reduced expansion of CNC progenitors in Pax3 Sp2H/Sp2H embryos because there were fewer Wnt-1-expressing cells on E 8.5 in the dorsal edge of the neural folds (Conway et al., 2000) .
Wnt-1 is expressed in neural crest progenitors (Parr et al., 1993) and appears to be essential for neural crest cell expansion prior to emigration from the neural tube (Dorsky et al., 1998; Ikeya et al., 1997) . Thus, a deficiency of Wnt-1-expressing cells in Pax3-deficient embryos could indicate that there was reduced expansion of CNC progenitors. On the other hand, cells expressing Wnt-3a, which is also expressed in neural crest progenitors, and appears to be required for initial neural crest expansion (Dorsky et al., 1998; Ikeya et al., 1997; Parr et al., 1993) were not reduced (Conway et al., 2000) . Thus, it is possible that Pax3 positively regulates Wnt-1 gene expression, and a lack of Wnt-1 expression could result from deficient transcriptional regulation by the mutant Pax3. p53 regulates cell cycle arrest as well as apoptosis (Kamijo et al., 1998; Linke et al., 1996) . It is possible that Pax3 is required to override p53-induced cell cycle arrest to maintain neural crest cells, or their progenitors, in a proliferative mode. Thus, Pax3-deficient cells may undergo cell cycle arrest, and eventually undergo apoptosis, unless p53 is inactivated. It is possible that p53 also plays a role to inhibit migration of CNC as it may during tumor metastasis (Roger et al., 2006) . Although the distance that CNC had migrated in Pax3-sufficient and Pax3-deficient embryos with w.t. p53 was not different, Pax3 might also play a role to override inhibition of migration.
The disappearance of b-galactosidase-positive CNC in Pax3
LacZ/LacZ embryos and appearance of TUNEL-positive cells occurred more than 24 h after the onset of Pax3 expression, and, based on timing of responsiveness to PFT-a, approximately 20-28 h after the time period in which p53 needed to be inhibited. Furthermore, the loss of cells did not occur all at once, as if in response to a synchronized event, but progressively fewer cells were observed all along the CNC path in successively developing embryos. DNA strand breakage, which is detected by TUNEL assay, is a relatively late event in the course of apoptotic cell death. The time between the initiation of apoptosis and the morphological detection of DNA damage depends on the cell type, and is on the order of 3-4, and up to 14 h (Bursch et al., 1990; Rodriguez and Schaper, 2005) . Thus, this is consistent with a requirement for Pax3 to prevent a p53-dependent process within the first approximately 4 h of Pax3 expression, and if this process is not prevented, cells will eventually undergo apoptosis while migrating toward the cardiac field. We noticed that, while homozygous germ line p53 loss of function completely normalized CNC migration in Pax3
LacZ/ LacZ embryos, the rescue by p53 haploinsufficiency or PFT-a was variable. In contrast, there was no intermediate effect of p53 haploinsufficiency or PFT-a on neural tube defects; either neural tube closure was completely normal, or there was exencephaly and/or spina bifida, which was indistinguishable from Pax3
Sp/Sp embryos (Pani et al., 2002) . This suggests that the dose-dependency for p53 to activate apoptotic pathways in CNC and neuroepithelium may be different. On the other hand, we did not study migration of neuroepithelium before neural tube closure in Pax3 Sp/Sp embryos with different p53 genotypes, and so, it is possible that there is a variable effect of p53 cellular concentration during neuroepithelial migration, but that there is simply a critical mass of neuroepithelium or CNC that is necessary to give rise to a normal neural tube or outflow tracts. In summary, the data reported here show that Pax3 is required for CNC migration and outflow tract septation because it inhibits p53-dependent processes which culminate in apoptosis. Investigating how Pax3 regulates p53 on a biochemical level will be important in order to have a more detailed understanding of how CNC development is controlled.
4.
Experimental procedures
Mouse strains and procedures
The Pax3 IRESnLacZ/+ mouse line (referred to here as, Pax3
LacZ/+ ) has been described (Relaix et al., 2003) . This line carries a LacZ reporter in place of Pax3 exon 2, which contains the 5 0 portion of the paired domain. Thus, LacZ serves as a Pax3 transcriptional reporter, but no functional Pax3 protein is produced by the recombined allele. This line, originally produced on a mixed C57Bl/6J-129Sv background, was made congenic with the FVB strain. Successful derivation of a congenic line was determined by marker-assisted analysis (Markel et al., 1997; Wakeland et al., 1997 Pax3 allele. The Pax3-GFP +/À line was made congenic with the FVB strain and successful derivation was confirmed by marker-assisted analysis (Markel et al., 1997; Wakeland et al., 1997 (Jacks et al., 1994 ) (referred to as, p53 +/À ) mice on a FVB background were obtained from the Jackson Laboratory and genotyped according to the Jackson Laboratory protocol (http://jaxmice.jax.org/pub-cgi/protocols/ protocols.sh?objtype=protocol&protocol_id=125).
Staging of pregnancies was performed using noon on the day on which a copulation plug was found to be day 0.5. Pifithrin-a (Calbiochem) was administered by intraperitoneal injection of 2.2 mg/kg dissolved in PBS daily at noon (or as otherwise indicated) on E 8.5-E 13.5 (Pani et al., 2002) . Embryos were recovered on E 9.5 to assess CNC cell migration and apoptosis, and fetuses were recovered E 14.5-E 18.5 to assess cardiac outflow tract septation.
All procedures using animals conformed to the principles of laboratory animal care set forth by the National Institutes of Health (NIH) and were approved by the Joslin Diabetes Center Institutional Animal Care and Use Committee.
4.2.
b-Galactosidase staining Dissected embryos were fixed for 15 min with 4% paraformaldehyde in PBS at 4°C and stained with X-gal as described (Relaix et al., 2003) . Briefly, embryos were washed three times with PBS supplemented with 0.2% NP-40, then stained with X-Gal (Roche), using 0.4 mg/mL X-Gal, 2 mM MgCl 2 , 0.2% NP-40, 20 mM K 4 Fe(CN) 6 , and 20 mM K 3 Fe(CN) 6 in PBS at 37°C 16 h. Embryos were extensively washed with PBS prior to visualization.
TUNEL assay
Apoptosis was assayed by TdT-mediated dUTP nick end labeling (TUNEL) in fixed whole-mount E 9.5 embryos as described (Phelan et al., 1997) , using FITC-labeled anti-digoxigenin (Roche).
Microscopy
X-gal-stained E 9.5 embryos and E 14.5-E 18.5 fetuses were examined using a Nikon SMZ800 stereomicroscope. Images were captured using an attached SPOT RT CCD camera Model 2.2.1 and SPOT software Ver. 3.0.5 (Diagnostics Instruments Inc.). Pax3-GFP +/À E 9.5 embryos and TUNEL stained embryos were visualized using a Zeiss LSM META 510 upright confocal microscope. Images were captured using Zeiss LSM software. Images were imported into Adobe Photoshop CS2 Version 9.0.2 (Adobe Systems Inc.), and adjustments of image brightness or contrast were all performed equally.
Hematoxylin and eosin staining
Whole fetuses recovered on E 14.5 were fixed overnight in 4% phosphate-buffered paraformaldehyde, then stored at 4°C in PBS. Before embedding, the thorax was dissected from the rest of the fetus, submerged in 20% sucrose (in PBS) for 4 h at 4°C, and then embedded in Tissue-Tek O.C.T. compound (Ted Pella, Inc., Redding, CA). Embedded tissues were stored at À80°C. Five micrometre serial horizontal sections from the atria through approximately the top half of the ventricles (approximately 40-50 sections per embryos) were obtained using a cryostat and stained with hematoxylin and eosin. Identification of outflow tracts was performed by comparison with Kaufman (1992) .
Dye injection of fetal ventricles
Outflow tract morphology was visualized in situ in E 18.5 fetuses. Fetuses were decapitated immediately upon recovery, the hearts were exposed, and the left ventricles were injected with red acrylic and the right ventricles were injected with and blue acrylic cast (Batson's No. 17 acrylic, Polysciences) as described (Li et al., 1999) .
Statistical analysis
Numbers of b-galactosidase-or TUNEL-positive cells in E 9.5 embryos was determined by using the point selection tool in ImageJ 1.40e software (http://rsb.info.nih.gov/ij). The mean ± SEM of numbers of cells from three separate embryos is reported. Data were analyzed by t-test, one way-ANOVA with Neuman Keuls post test, or Chi-square analysis, using Prism 4 software (GraphPad Software).
